Introduction
============

Cholinergic neurotransmission plays a key role in many physiological processes in the central nervous system, ranging from learning and memory formation to fine control of sleep-wake cycles (SWC). Cholinergic neurons in the basal forebrain and brain stem pedunculopontine tegmentum (PPT) areas project and diffusely innervate the entire neocortex, amygdala, hippocampus, thalamus, and the midbrain ([@B01]). Exogenous excitation of PPT cholinergic cells can increase wakefulness and/or paradoxical sleep (PS) in a dose-dependent manner ([@B02]), while episodes of spontaneous waking and PS are accompanied by increased activity of cholinergic neurons ([@B03],[@B04]). During waking, when animals are behaviorally active, cholinergic activation produces fast electroencephalographic activity in the cortex ([@B05]) that has been associated with periods of alertness, exploration and learning ([@B06]). On the other hand, cholinergic activity reaches a minimum during slow-wave sleep (SWS) ([@B04]). Taken together, these observations suggest that cholinergic activation during waking and PS can modulate cortical activity favoring plasticity and synaptic reorganization ([@B07]).

The idea that not only wakefulness, but also sleep, plays a role in plasticity, synaptic reorganization and memory consolidation is extensive; however, the mechanisms involved are still a matter of intensive debate. On the one hand, sleep patterns are modified by learning paradigms, and those changes are believed to enhance memory consolidation ([@B08]). On the other hand, sleep deprivation impairs several cognitive processes, such as memory function, motor performance, mood, and executive attention ([@B09]). Acetylcholine (ACh) antagonists, such as scopolamine, impair learning and memory ([@B01]), while high levels of ACh during wakefulness are necessary to encode long-term memories ([@B10]). In fact, it has been shown that fluctuations of ACh concentration during sleep stages (i.e., low during SWS and high during REM sleep) in humans are fundamental for proper memory consolidation ([@B11]). Interestingly in rats, sleep deprivation-induced memory impairment can be reversed by administration of the cholinergic agonist pilocarpine ([@B12]).

In humans, cholinergic dysfunction is highly associated with disrupted sleep ([@B13]) and impaired memory formation ([@B10],[@B14]). Elderly patients are among the most affected population, in whom severe dementia, including Alzheimeŕ′s type, reduces the number of cholinergic neurons ([@B15]), possibly causing various types of sleep-wake disorders, including irregular SWC ([@B16]), difficulty in falling or staying asleep, or adhering to a consistent sleep/wake schedule ([@B17]). Since suboptimal sleep greatly contributes to the deterioration of health and reduction in the quality of life of neurological patients, there is a need for a better understanding of the contribution of cholinergic tone to mechanisms involved in sleep control ([@B18]).

In the last decade, different transgenic mice were produced and used to further evaluate the contribution of cholinergic neurotransmission in sleep generation, maintenance and control. For example, mice lacking the beta-2 subunit gene of the nicotinic ACh receptor are insensitive to nicotine-induced alertness, and have impaired PS ([@B19]), while mice with a hypersensitive alpha-4 nicotinic receptor subunit have altered SWC and are seizure prone ([@B20]). Finally, genetically modified mice \>6 months of age expressing high levels of beta-amyloid peptides (Tg2576 mice) show impaired PS and a significant reduction in the number of choline acetyltransferase-positive neurons in the PPT and cognitive impairments ([@B21]).

Given the diversity of muscarinic and nicotinic receptors, it is likely that some of the effects of cholinergic deficiency cannot be mimicked in mouse knockouts of individual receptor subunits. Here we evaluate SWC and the behavioral performance in the contextual fear-conditioning (CFC) test in animals with reduced cholinergic tone. Hypocholinergia was achieved by reducing the expression of the vesicular ACh transporter (VAChT), a key protein that regulates synaptic vesicle release of ACh ([@B22]) and thus resembles specific aspects of cholinergic-dependent senile dementia in humans. It was previously shown that heterozygous knockdown animals for VAChT present a 45% reduction in VAChT protein expression, which results in at least a 30% reduction in extracellular concentration of ACh in the frontal cortex and striatum ([@B22]). Our working hypothesis was that reduced cholinergic tone would influence both SWC and memory processes and that sleep alterations taking place after learning could be further used to strengthen the sleep-memory relationship.

Subjects and Methods
====================

Subjects
--------

Adult (4 to 6 months old), male, aged-matched wild-type (WT) and knockdown heterozygous ACh transporter-deficient (VAChT-KD^HET^) ([@B22]) mice were used in the present experiments (n=7/group, unless otherwise stated). Generation and genotyping of the mice have been described elsewhere ([@B22],[@B23]). In summary, these mice were generated by targeting the 5′-untranslated region of the VAChT gene by homologous recombination in a mixed 129S6/SvEvTac (129S6)×C57BL/6J background, and were backcrossed to C57BL/6Uni mice (imported from Zentralinstitut fuer Versuchstierzucht, Hannover, Germany) for three generations (N3), as further backcrossing caused infertility. Therefore, a mixed background was maintained in the population by preferentially mating animals that were not closely related. Assessment of cholinergic function in these mice by *in vivo* microdialysis and electrophysiological recording at the neuromuscular junction indicated a 40-50% decrease in the release of ACh ([@B22]). The VAChT protein is required for ACh transport in synaptic vesicles and for its release by exocytosis ([@B24]). Animals were housed in groups of 5 to 6 animals in plexiglass cages with free access to rat food pellets and tap water in a room with controlled temperature (22°C) and with a 12:12-h light-dark cycle with lights on at 7:00 am. The experimental procedures used in the present experiments were in accordance with the Guidelines for the Care and Use of Animals of the US National Institutes of Health and the Animal Care and Use Ethics Committee of the Universidade Federal de São Paulo (UNIFESP). Efforts were made to reduce the number of animals used in the present experiments without compromising the statistical analyses.

Surgery
-------

Mice were anesthetized with a mixture of ketamine/xylazine (100/10 mg/kg, *ip*) and after checking for the absence of hindpaw pain reflex, they were placed in a stereotaxic frame. After exposing the skull, four stainless steel screws were placed above the dura mater of the parietal cortex (above the hippocampus) in both hemispheres for electrocorticographic (ECoG) recordings. The following coordinates were used for each screw relative to the bregma (antero-posterior and medio-lateral coordinates, respectively): screw 1: 0.5, 0.8 mm; screw 2: -1.2, 1.8 mm; screw 3: -0.5, -0.5 mm; screw 4: -2.0, -2.0 mm. Bipolar derivations (screws 1 *vs* 2, and screws 3 *vs* 4; ipsilateral derivations) were used to access and classify brain activity in both hemispheres. Electromyographic (EMG) recordings from the dorsal neck muscles of the mice allowed verification of muscular tonus and aided in the classification of various times within the SWC. At the end of the surgical procedure, all mice received an injection of a broad-spectrum antibiotic (0.5 mL/kg Pentabiótico, *sc*, Fort Dodge, Brazil) to minimize post-surgical infection. Animals were allowed to recover from surgery in their home cages for at least 15 days before any experimental procedures were performed.

Sleep-wake cycle recording
--------------------------

Animals were placed individually in the recording chamber and connected to an ECoG polygraph using a light-weight cable 5 days before the recordings started. After the habituation period, ECoG and EMG recordings to determine SWC characteristics were started. Signals were differentially amplified and sampled at 100 or 200 Hz. ECoG was filtered between 0.1 and 60 Hz; EMG was filtered between 0.1 and 100 Hz. The signals were displayed on a computer screen and stored on a hard disk for offline analysis using the Somnologica^¯^ software (Medcare, Iceland). Animals were continuously recorded for at least 3 days, and up to 5 days, for the quantification of baseline sleep-wake parameters.

Data analysis
-------------

ECoG and EMG traces were used to visually score the different behavioral states of the SWC, i.e., awake (W), SWS, intermediate sleep (IS), and paradoxical sleep (PS). The traces were classified on the basis of the dominant (\>50%) pattern within a 30-s scoring window (epoch). Visual inspection of the recordings was assisted by plotting the frequency power spectrum (fast Fourier transform, 1024 points) of the middle third (10 s) epoch of the scoring window. Auto- and cross-correlations between ECoG recordings determined with Matlab (MathWorks, USA) were used to further characterize the different brain states and to calculate the relative power of specific frequency bands over extended time periods (\>24 h). Waking epochs were characterized by desynchronized ECoG, absence of similarity between waveforms from both hemispheres, and increased muscular tonus (EMG). SWS was characterized by high delta (0.5-4 Hz) power in the ECoG combined with reduced EMG amplitude and mild cross-correlation between recordings from the two hemispheres. PS was scored when ECoG presented oscillations in the theta range (4-9 Hz) and EMG indicated reduced muscular tonus. We also included an additional stage, IS, which was characterized by the presence of slow wave oscillations, sleep spindles (10-14 Hz) and two peaks of theta activity, at 4 and 7 Hz with comparable power ([@B25]).

Classification of brain states allowed the computation of different parameters of the SWC of WT and VAChT-KD^HET^ mutant animals. For each animal, data from different days were averaged into one single period of 24 h. In the comparisons made, we considered the sleep efficiency (percentage of total sleep time during the recording time), the percentage of total sleep time, the number of episodes, and the mean duration of each sleep state (SWS, IS, and PS). In order to evaluate the stability and maintenance of sleep behavior, we quantified the number of awakenings from each sleep state (SWS, IS and PS). We distinguished between two types of awakenings, those which were brief in time (\<60 s) in which no gross movements were observed aside from small adjustments of body position and those in which animals engaged in any other behavior than sleep, i.e., ambulation, eating, drinking, and/or grooming. Data from light and dark phases of the day were analyzed separately (each one consisting of a 12-h period) when appropriate.

Previous studies have established that a reduction of up to 50% in VAChT levels does not affect neuromuscular function ([@B22],[@B23]). The reason for that is the high safety margin for neuromuscular transmission. We studied VAChT-KD^HET^ mice that had a 40% reduction in VAChT levels. Therefore, those mice were as physically fit as WT mice ([@B22]).

Behavioral paradigm
-------------------

After the basal recordings of the SWC, learning and memory were evaluated using the CFC test. This behavioral paradigm has been associated with increased release of ACh in the hippocampal region ([@B26]). The CFC test apparatus consisted of an acrylic box measuring 30×21×30 cm. The apparatus had black walls with white visual patterns (2 squares measuring 5.5×5.5 cm and 3 measuring 4.0×4.0 cm and made of white cardboard). The top was covered with transparent acrylic. The floor consisted of a metal grid (0.4-cm diameter rods placed 1.2 cm apart) connected to a shock generator and control module (AVS, Projetos Especiais, Brazil), by which foot shocks could be delivered. On the day of the experiment, animals were disconnected from the ECoG recording and dislocated to one contiguous room for CFC training. Animals were individually placed in the conditioning apparatus, where they remained undisturbed for 2 min. Two minutes later, 3 foot shocks (0.8 mA, 1 s) were delivered with a 30-s interval between each shock. Two minutes after the last foot shock, the animal was removed from the apparatus, returned to the recording cage, and reconnected to the ECoG setup. It has been shown that performance in the CFC test is sensitive to sleep deprivation ([@B27]). Thus, animals were recorded until the next day to evaluate shock-induced behavioral and sleep alterations. We hypothesized that reduced ACh release in VAChT-KD^HET^ animals would contribute to impaired test performance on the following day. The test was performed on the second day, 24 h after the training. Each animal was returned to the conditioning apparatus, but no foot shock was applied. An experienced investigator recorded freezing time - defined as complete immobility of the animal, with the absence of vibrissae movements and sniffing - in minute bins continuously for 5 min with a chronometer. Both training and testing occurred in the afternoon, starting at 1:00 pm and lasted up to 2 h.

Statistical analysis
--------------------

Data were normalized over 12- or 24-h periods and reported as means±SE. Comparisons between WT and mutant mice were made using two-way ANOVA (when applicable) and/or the Student *t*-test as *post hoc* comparisons. Analysis of correlation was used to check whether behavioral performance in the testing session correlated with the sleep profile following the training session.

Results
=======

Sleep-wake classification
-------------------------

ECoG and EMG profiles used in the classification of the SWC are shown in [Figure 1](#f01){ref-type="fig"}. In the 30-s resolution window, behavioral state was scored according to standard criteria. During W states, ECoG showed desynchronized activity and high EMG tonus. Occasionally, oscillations in the theta frequency were recorded. SWS was characterized by ECoG slow activity (maximum power ∼2 Hz) and decreased muscle tone. During IS, ECoG recorded delta waves and spindles mixed with theta activity. Power analysis of this rhythm showed two peaks with similar energy, one at 3-4 Hz and the other at 6-8 Hz. Interestingly, at this stage, the synchronization between hemispheres was greatly reduced ([Figure 1C](#f01){ref-type="fig"}, cross-correlation, third line) and this information was further used in SWC classification. Finally, PS was characterized by both synchronous theta activity in the ECoG and muscle atonia. Theta activity during this state peaked between 6 and 7 Hz. The time course of the three main frequency bands (delta, theta, and sigma) in relation to SWC classification is shown in [Figure 2A](#f02){ref-type="fig"}. Relative delta, theta and sigma power and absolute EMG power were averaged for each animal in each of the SWC states (n=4/group). Two-way ANOVA revealed no effect of condition (WT *vs* VAChT-KD^HET^: F~(1,24)~\<1.39; P\>0.05) for all frequency bands and thus, data from all animals were grouped. On the other hand, grand averages of relative delta, theta and sigma power varied accordingly to the SWC. As expected, relative delta (F~(3,24)~=44.24; P\<0.001), theta (F~(3,24)~=30.14; P\<0.001) and spindles (F~(3,24)~=50.90; P\<0.001) power were significantly higher in SWS, PS and IS, respectively ([Figure 2B](#f02){ref-type="fig"}). Combined with absolute EMG power (higher during wake), these frequency bands allowed satisfactory and reliable sleep classification and thus, they were used in the following analysis of the SWC of VAChT-KD^HET^ animals.

![*A*, Representative traces of the four (wake, slow-wave sleep, intermediate sleep, and paradoxical sleep) identified electrocorticograms (ECoG1 and ECoG2) and electromyogram (EMG) patterns used to score the sleep-wake cycle. *B*, Fast Fourier transformation of the ECoG2 trace showing the peak frequencies in each state. *C*, Auto- (left column) and cross-correlations (right column) of the ECoG recordings.](1414-431X-bjmbr-46-10-844-gf01){#f01}

![Time course of the sleep-wake cycles (SWC). *A*, Relative delta, theta and sigma power and absolute electromyogram (EMG) were computed using a 10-s sliding window fast Fourier transform and were correlated with scored hypnogram. This representative example shows the three most prevalent types of sleep transitions observed: slow-wave sleep (SWS) to intermediate sleep (IS) to paradoxical sleep (PS); SWS to PS and SWS alone. Note the increase in EMG power after an epoch of sleep. *B*, Grand averages of relative frequency bands across 8 mice (n=4/group) in each of the four SWC states recorded continuously during 48 h were calculated. As expected, delta oscillations were higher and lower during SWS and PS, respectively, while the opposite was observed during theta oscillations. Similarly, sleep spindles power was higher during IS and lower during awake (W). Data are reported as means±SE. \*P\<0.05, compared to all other states (Bonferroni *post hoc* test).](1414-431X-bjmbr-46-10-844-gf02){#f02}

Sleep-wake cycle
----------------

Quantification of SWC during 3-5 days showed that the sleep profile was not notably different in VAChT-KD^HET^ compared to WT animals ([Figure 3](#f03){ref-type="fig"}). Sleep efficiency, defined as the time spent sleeping/total time, was 50% higher during the light phase than in the dark phase (effect of phase: F~(1,24)~=32.95; P\<0.0001; two-way ANOVA; [Figure 3A](#f03){ref-type="fig"}), but not statistically different between groups. The control and experimental groups did not differ in the percentage of time spent in SWS, IS or PS during the dark ([Figure 3B](#f03){ref-type="fig"}) and light ([Figure 3C](#f03){ref-type="fig"}) phases. As expected, the percentage of time spent in PS in the light phase was higher during the light than the dark phase for both groups (effect of phase: F~(1,24)~=17.59; P\<0.0005 and F~(1,24)~=7.40; P\<0.05; two-way ANOVA; for SWS and PS, respectively). The average duration of each of the behavioral states was not different between groups ([Figure 3D and E](#f03){ref-type="fig"}). Wake duration was two times longer in the dark phase ([Figure 3D](#f03){ref-type="fig"}) compared with the light phase ([Figure 3E](#f03){ref-type="fig"}) in both groups (effect of phase: F~(1,24)~=14.79; P\<0.001, two-way ANOVA). No alteration in the mean duration of SWS, IS or PS was observed between light or dark phases or between groups, although a slight tendency to decreased mean duration of the SWS was observed in VAChT-KD^HET^ animals, which was more evident in the light phase ([Figure 3E](#f03){ref-type="fig"}, effect of the genetic background: F~(1,24)~=3.80; P=0.063).

![Circadian profile of the sleep-wake cycle. *A*, Sleep efficiency quantified during the dark and light phase (sleep efficiency %: amount of time spent in sleep/total time). *B*,*C*, Relative amount of time spent in slow-wave sleep (SWS), intermediate sleep (IS) and paradoxical sleep (PS) during the dark (*B*) and light (*C*) phases. *D*,*E*, Averaged episode duration for each of the behavioral states quantified during the dark (*D*) and light (*E*) phases. WT: wild-type mice (n=7); VAChT-KD^HET^: vesicular acetylcholine transporter knockdown heterozygous mice (n=7); W: awake. Data are reported as means±SE.](1414-431X-bjmbr-46-10-844-gf03){#f03}

Sleep fragmentation in VAChT-KD^HET^
------------------------------------

In order to evaluate the amount of fragmentation in the SWC of VAChT-KD^HET^ mice, we first quantified the number of transitions between two classified states. The average number of state transitions per hour during the dark phase was 16.1±2.3 and 18.5±1.3 and 22.8±2.2 and 27.4±1.5 during the light phase for WT and VAChT-KD^HET^ animals, respectively. The number of state transitions was significantly higher during the light than the dark phase (effect of circadian phase: F~(1,24)~=17.17; P\<0.0005; two-way ANOVA), and VAChT-KD^HET^ animals had only a tendency to have more state transitions when compared to WT animals (effect of genetic background: F~(1,24)~=3.48; P=0.074; two-way ANOVA). Since the state transitions were higher during the light phase, when the sleep drive is higher, we verified whether the increase in state transitions was associated with increased awakenings.

[Figure 4](#f04){ref-type="fig"} shows the number of awakenings from different sleep stages during the dark and light phases. The number was higher during the light phase, when the amount of sleep was increased, than in the dark phase (effect of phase: F~(1,24)~=8.20; P\<0.01, two-way ANOVA). This assertion was also valid for longer (more than 60 s) awakenings (effect of phase: F~(1,24)~=6.17; P\<0.05, two-way ANOVA). In fact, the number of awakenings that led to W periods longer than 60 s in the light phase was significantly increased in VAChT-KD^HET^ animals (effect of genetic background: F~(1,24)~=5.896; P\<0.05, two-way ANOVA; [Figure 4B](#f04){ref-type="fig"}, first column). Specifically, the number of IS periods followed by awakenings was significantly greater in VAChT-KD^HET^ than in WT animals (effect of genetic background: F~(1,24)~=12.21 and 10.90; P\<0.005; for all, and for \>60 s awakenings, respectively) in both dark and light phases. The above results suggest that VAChT-KD^HET^ animals showed an increased probability of awakening, thus fragmenting the sleep cycle, especially during IS.

![Awakenings during the dark (*A*) and light (*B*) phases. Data are reported as means±SE of the averaged number of awakenings in each 12-h period, separately from each sleep state. WT: wild-type mice (n=7); VAChT-KD^HET^: vesicular acetylcholine transporter knockdown heterozygous mice (n=7); SWS: slow-wave sleep; IS: intermediate sleep; PS: paradoxical sleep. \*P\<0.05, compared to WT (Student *t*-test).](1414-431X-bjmbr-46-10-844-gf04){#f04}

Behavioral paradigm: CFC and sleep-wake pattern
-----------------------------------------------

The idea that sleep can assist memory consolidation has long been evaluated using different behavioral paradigms and electrophysiological analysis. In the present study, we analyzed the sleep alterations triggered by a brief session of CFC task training. Animals trained in this behavioral paradigm displayed an increased duration of freezing in the test session when evaluated 24 h after the training session. Notwithstanding, the mean freezing duration expressed as seconds per minute had a tendency to be decreased in VAChT-KD^HET^ animals (34.4±3.3 *vs* WT: 44.5±3.1; P=0.051, Student *t*-test). This result indicates that animals with reduced ACh release present a mild impairment of memory formation in this behavioral paradigm.

In order to evaluate the hypothesis that memory impairment could be related, to some extent, to the impaired sleep profile after the training, we analyzed the sleep-wake pattern in the 4-h period after the training session ([Figure 5](#f05){ref-type="fig"}). The training session produced alertness and consequent W behavior, for approximately 20 min afterwards in both animal groups ([Figure 5A](#f05){ref-type="fig"}). Sleep behavior started with SWS. After sleep initiation, the latency for IS and PS was not statistically different between groups ([Figure 5A](#f05){ref-type="fig"}). However, the total duration of W during the 4-h recording session was significantly longer in VAChT-KD^HET^ animals ([Figure 5D](#f05){ref-type="fig"}). Accordingly, the sleep efficiency was reduced by 25% in VAChT-KD^HET^ animals ([Figure 5C](#f05){ref-type="fig"}). This reduction was observed for all three different sleep stages, but the PS was the one with strongest reduction (reaching statistical significance; [Figure 5D](#f05){ref-type="fig"}). Also, the number of PS episodes was significantly reduced by 45% in VAChT-KD^HET^ animals after the training session ([Figure 5C](#f05){ref-type="fig"}). Interestingly, we observed a positive correlation between PS duration and freezing duration in the test session ([Figure 5E](#f05){ref-type="fig"}). The correlation coefficient (R) was higher for the cumulative freezing duration in the first 3 min of the test, which relates to the presentation of the shock during the training session (between 2 and 3 min). Taken together, these results suggest that behavioral manipulation (i.e., the training session and stress), possibly by challenging the cholinergic system, revealed an intrinsic characteristic of VAChT-KD^HET^ animals for decreased global sleep duration, mainly affecting PS generation and/or maintenance.

![Impact of contextual fear conditioning test on sleep profile during the 4-h period after training. *A*, The latency to enter each of the sleep states was unaltered in VAChT-KD^HET^ mice after training. *B*, Sleep efficiency during the 4-h period after the training session, and *C*, the number of PS episodes after the training session were significantly reduced in VAChT-KD^HET^ animals. *D*, Averaged duration of each state during the 4-h period that followed the training session. Note that sleep reduction was mainly characterized by reduction of PS (arrows). *E*, Correlation between freezing duration in the first 3 min of the test and the duration of wake (WK), slow-wave sleep (SWS), intermediate sleep (IS), and paradoxical sleep (PS). Positive correlations (simple linear regression analysis) were observed for all sleep states (P\<0.05) but not for waking (P\>0.05). WT: wild-type mice (n=7); VAChT-KD^HET^: vesicular acetylcholine transporter knockdown heterozygous mice (n=7); W: awake. \*P\<0.05 (Student *t*-test).](1414-431X-bjmbr-46-10-844-gf05){#f05}

Discussion
==========

The present study showed that the baseline sleep efficiency of VAChT-KD^HET^ animals did not differ from their WT counterparts. Nevertheless, the reduced cholinergic tone was responsible for increasing the number of awakenings during IS, thus preventing further development of PS. When exposed to mild stress, i.e., after being given foot shocks in a training session, VAChT-KD^HET^ animals showed a reduced amount of sleep, mainly the PS stage. The possible relationship between performance in the behavioral test and sleep efficiency after CFC training is further discussed below.

Sleep
-----

Reduced release of ACh, which characterizes VAChT-KD^HET^ animals ([@B22]), increased the number of awakenings, mainly during IS. These data are somewhat in accordance with the previous results obtained by Capece et al. ([@B28]) that showed that inhibition of the VAChT in the medial pontine reticular formation reduced the amount of PS. Even though our data showed no difference between groups at baseline, after a challenge (training), the amount of PS was reduced in VAChT-KD^HET^ animals. The methodological differences between these studies (e.g., intact cats in the study by Capece et al. and knockdown mice in the present one) might be partly responsible for some of the differences in experimental outcome. Our results suggest that reduction of vesicular ACh transporter expression present in VAChT-KD^HET^ mice was not sufficiently strong to depress PS generation in a baseline condition. Moreover, although VAChT-KD^HET^ mice have reduced ACh transmission by central cholinergic neurons ([@B22]), compensatory mechanisms, such as supersensitivity of cholinergic receptors, could account for the normal sleep-wake physiology. Nonetheless, in a challenging situation, such as training, in which the cholinergic system is stimulated, the reduced release of ACh might have had a deeper impact in sleep physiology, leading to a reduced amount of PS ([Figure 5B-D](#f05){ref-type="fig"}).

Behavioral performance
----------------------

Our results showed impaired CFC of freezing in VAChT-KD^HET^ mice. Previous reports showed impaired performance in cognitive tasks involving object and social recognition, but not in spatial memory or in aversive learning evaluated by the Morris water maze test and the inhibitory avoidance test, respectively ([@B22],[@B23]). Indeed, cholinergic manipulations may affect specific types of memory and may depend on different brain structures ([@B29]). Also, factors not specific to learning and memory but important for the animal\'s performance (i.e., attention and impulsive behavior) might have contributed to the different results. It is important to bear in mind that deficits of attention might also underlie the memory impairment observed in VAChT-KD^HET^ mice, since nicotinic ([@B30]) and muscarinic ([@B31]) receptors have been implicated in this cognitive process. Future experiments will be necessary to reveal whether attention-dependent learning impairment occurs in VAChT-deficient mice. Other aspects, such as stress response, are discussed below.

Behavioral performance: relationship to sleep induction
-------------------------------------------------------

The present results revealed a negative impact of CFC on sleep duration (but not sleep latency) following training ([Figure 5](#f05){ref-type="fig"}) and impaired performance on the following day in VAChT-KD^HET^ animals (testing session, [Figure 5](#f05){ref-type="fig"}). We also found a positive correlation between PS duration after training and freezing behavior ([Figure 5E](#f05){ref-type="fig"}). Classically, PS has been involved with mnemonic processes, since its presence has been linked to the acquisition that takes place in memory-dependent tasks ([@B32]). It is known that PS deprivation before and after training impairs memory formation ([@B33]). A positive correlation has been observed between performance in the learning task and the increase in PS after training ([@B34]), and animals that did not show an increase in PS did not learn the task ([@B35]). In general, the sleep alteration observed in these studies occurs at specific time points after learning, from up to 5 h ([@B27]) to several days, depending on the task studied (for a review, see Ref. 32). Thus, one could speculate that sleep profile after training might account for the sleep-dependent memory impairment in VAChT-KD^HET^ animals, albeit no causal relationship can be concluded from the experiments performed in the present study.

Sleep, stress and cholinergic neurotransmission: clinical implications
----------------------------------------------------------------------

Animal models for neurodegenerative diseases that involve cholinergic neurotransmission show cognitive deficits and altered SWC similar to the human condition ([@B21]). Additionally, old (but not young) beta-2 nicotinic receptor knockout mice displayed impaired CFC freezing ([@B36]), and although no sleep recording was performed after training in these animals, one could argue that sleep alterations might underlie, or at least accompany, memory deficits. It remains to be further explored if VAChT-KD^HET^ animals demonstrate greater sleep and memory alterations with aging. Conversely, young beta-2 nicotinic receptor knockout mice present longer PS episodes and less fragmented sleep during baseline, despite the fact that, in response to immobilization stress, mutant mice display no increase in the amount of PS and increased fragmentation compared to WT animals ([@B19]). In the present study, however, we found alterations of sleep (PS) amount after training but not during basal recordings. In both cases, it appears that stressful procedures alter sleep homeostasis in mutant animals and highlight possible differential mechanisms for nicotinic and muscarinic receptors in stress-induced sleep alterations.

While dealing with an aversive task, one could speculate whether stress reactivity or foot shock sensitivity could account for the differences observed in both sleep alteration and behavioral analysis. Indeed, sleep fragmentation and increased latency are also often reported after foot shock stress ([@B37]). In the same way, ACh and hypothalamic-pituitary-adrenal (HPA) axis hormones are related, insofar as stressful situations stimulate ACh release in the septo-hippocampal cholinergic system ([@B38]) and cholinergic stimulation induces HPA axis activation, measured by ACTH and corticosterone increase ([@B39]). One could thus argue that the reduced cholinergic activity observed in VAChT-KD^HET^ mice could lead to a stress-induced sleep alteration response, rather than a learning-induced sleep change. If this were the case, reduced ACh tonus would decrease stimulation of the HPA axis, resulting in a reduction in the amount of corticosterone released. In that case, VAChT-KD^HET^ mice would be less affected by stress-induced sleep alterations. On the other hand, it has been shown that cholinergic deafferentation of the hippocampus results in a delay in the decline of corticosterone levels, without interfering with the peak corticosterone response after stress ([@B40]). If this were the case in VAChT-KD^HET^ mice, one would expect a greater effect on sleep, especially on sleep latency. Our results showed no difference between VAChT-KD^HET^ and WT mice in this parameter. Mutant mice had an even smaller PS latency (although not reaching statistical significance). Taken together, the present data suggest that different stress responses were not the main cause of sleep alterations observed in the VAChT-deficient mice.

In conclusion, VAChT-KD^HET^ animals present similar amounts of each sleep state in comparison to WT animals while SWC were highly fragmented in the former. VAChT-KD^HET^ animals also performed poorly in a CFC paradigm, which was followed by reduced PS after the training session. To the authors\' knowledge, this is the first demonstration that VAChT manipulation can alter sleep patterns with possible consequences to learning and memory processes. Our results support the notion that cholinergic neurotransmission plays an important role in sustaining PS after an enriched/stressful experience, with special significance for learning and memory. VAChT-KD^HET^ mice are thus an interesting animal model for the study of combined SWC and memory dysfunction and for their contribution to the understanding of the physiological alterations that take place in hypocholinergic states, as in Alzheimer\'s disease and other forms of dementia ([@B14]).
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